Patients with Type I (insulin-dependent) diabetes mellitus receiving intensified insulin therapy and having strict metabolic control are exposed to the risk of recurrent episodes of hypoglycaemia [1] . Defective counterregulatory and symptomatic responses to hypoglycaemia are responsible for reduced awareness of hypoglycaemia [2] which can aggravate cerebral dysfunction by increasing the occurrence and severity Diabetologia (2000) 
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of hypoglycaemia in these patients [3] , thus leading into a vicious cycle [4] . Although glucose represents the main fuel for the brain, it is also possible that under conditions of glucose shortage, brain function is maintained by the uptake of other energetic substrates.
We have shown that an alternative fuel for the brain, such as lactate, is able to diminish symptoms, counterregulatory responses and cognitive dysfunction during hypoglycaemia induced by insulin [5] . This result has been confirmed [6, 7] with similar results in diabetic patients [8] .
In all these studies blood lactate concentration was, however, increased before the actual development of hypoglycaemic symptoms. Therefore, it is difficult to define whether the observed response was due to brain adaptation or a real shift from brain uptake of glucose to lactate under conditions of short-term glucose shortage. For lactate to play a physiological part, it must be shown that hypoglycaemic counterregulation is reduced by an increase in blood lactate concentration which occurs after hypoglycaemia has developed and counterregulation triggered.
Therefore, we designed this study to assess whether a physiological increase in blood lactate that follows the development of symptomatic hypoglycaemia is able to rescue brain function. Because the counterregulatory response could be different due to an adaptation process to more frequent blood glucose fluctuations both normal subjects and Type I diabetic patients were studied.
Methods
Subjects. Participants in the study were seven normal volunteers (six men and one woman) and seven Type I male diabetic patients. Their demographic features are summarised in Table 1. Patients regularly attended the Type I Diabetes Clinic of the University Hospital of Padova on a monthly basis. The incidence of severe hypoglycaemia, biochemical hypoglycaemia (by home blood glucose monitoring diaries), overall metabolic control (HbA 1 c ) and awareness of hypoglycaemia was available for 2 years for each patient. These patients were selected because they never presented a severe hypoglycaemic event (loss of consciousness, need for a third assistance or need for glucagon injection) during the 2 years nor was there anamnestic recording for such events. Normal volunteers had no hypertension, ischaemic heart disease or family history of diabetes. All subjects consumed an isocaloric diet, containing more than 200 g carbohydrate a day for at least 3 days before each study. All subjects were recruited on a consecutive basis. All investigations were carried out in the post-absorptive state, after a 12 to 14-h overnight fast. The protocol was reviewed and approved by the institutional review board. The purpose, nature, and potential risk of the study were explained to all subjects and informed written consent was obtained before their participation.
Experimental protocol. All subjects underwent two hypoglycaemic clamp studies with or without concomitant intravenous lactate infusion as described below. The two studies were carried out in a random order according to a computergenerated randomisation as single blind studies.
Diabetic patients were admitted to the metabolic ward of the University Hospital, Padova, the night before the study. Intermediate insulin was discontinued and plasma glucose was controlled throughout the night by intravenous insulin infusion (0.1±0.3 mU´kg ±1´m in ±1 ) to ensure overnight normoglycaemia (4.0±6±0 mmol/l).
Normal volunteers were admitted in the morning of the study, after an overnight fast. Alcohol and cigarette smoking was forbidden during the preceding day. At 0800 hours, a 20-gauge Teflon catheter was inserted into an antecubital vein for the infusion of all test substances. A second catheter was inserted retrogradely into a wrist vein of the ipsilateral arm for blood sampling, and the hand placed in a hot box (55±60 C) to achieve arterialisation of venous blood [9] . Each subject was then trained on the measurement of the four-choice-reaction time test [10] , doing at least five measurements until stable readings were achieved.
The experimental protocol consisted of two hyperinsulinaemic stepwise hypoglycaemic clamp studies done in a random order. In all subjects, after collection of three baseline blood samples, a primed and continuous (1.5 mU´kg ±1´m in ±1 ) infusion of soluble insulin (Actrapid HM, Novo Nordisk, Denmark) was started. Plasma glucose was maintained at 4.8 mmol/l for 40 min according to a negative feedback principle by an appropriate glucose infusion (glucose 20 % w/v). It was then reduced by steps to 3.6, 3.0 and 2.8 mmol/l. Each step lasted 40 min with the new plasma glucose goal being achieved in 10±20 min. After completion of the last hypoglycaemic step, plasma glucose was returned to 4.8 mmol/l for a final 20 min.
To rule out an adaptation process due to early provision of alternative substrate, lactate infusion needed to be started after the triggering of the neuroglycopenic response. We therefore chose to start a sodium-lactate infusion (30 mmol´kg ±1ḿ in ±1 ) arbitrarily after recognition of the typical hypoglycaemic symptoms such as sweating and palpitations. In the repeat study, an equivalent volume of 0.9 % sodium chloride solution was infused instead of lactate.
Blood samples were taken every 10±20 min for measurements of catecholamines, glucagon, insulin, C peptide, intermediary metabolites, free fatty acids and lactate. A symptom score was recorded every 20 min by means of a semi-quantitative questionnaire. Symptoms were assessed on a linear analogue scale, ranking a total of 40 different symptoms from 0 (absent) to 6 (very severe). Autonomic symptoms were calculated from the sum of the scores assigned to sweat, shakiness, anxiety, hotness or heart pounding. Neuroglycopenic scores were calculated as the sum of the scores attributed to dizziness, difficulty in concentrating, confusion, irritability or blurred vision [11] .
After completion of each symptom questionnaire, a fourchoice-reaction time measurement was obtained. This test measures the time required for the subject to clear a symbol appearing at random in one of four quadrants on a computer screen, by pressing a key in a corresponding position on a keypad. The results represent the average time used for a total of 500 tests over 5 min. As shown previously with repeated measures over a 220-min euglycaemic insulin clamp study, the coefficient of variation is 1 % for accuracy of the test and 2 % for speed [10] .
Biochemical assays. Plasma glucose concentration during the clamp studies was measured at the bedside with a glucose oxidase method (Yellow Springs Instrument Company, Yellow Springs, Ohio, USA). Plasma catecholamine concentrations were determined by high-performance liquid chromatography [12] and plasma concentrations of free insulin and C peptide were measured by standard radioimmunoassay procedures [13] . A fluorimetric method was used to measure blood lactate, intermediary metabolites [14] , and free fatty acids [15] .
Calculations and statistical analysis. A significant hormone response was defined as an increase of at least two standard deviations above mean basal (euglycaemic) levels on at least two consecutive measurements. An increase of two points or more of the score for autonomic and neuroglycopenic symptoms was considered to be of significant importance. Glucose threshold for each response was defined as the plasma glucose concentration associated with the first significant change as defined above.
Glucose thresholds, peaks of responses and the incremental areas under the curve of plasma hormone responses in the presence or absence of lactate were compared by paired t test analysis or Wilcoxon signed rank test when data were not normally distributed. All data are expressed as means SEM. A p value less than 0.05 was considered significant.
Results
Plasma glucose, insulin, C-peptide and lactate concentrations (Fig. 1) . The metabolic and hormonal conditions preceding the two tests (with and without Nalactate infusion) were similar in control subjects and Type I diabetic patients. There were no differences in the baseline plasma concentrations of substrates and hormones between control subjects and diabetic patients with the exception of higher plasma insulin and lower plasma C-peptide concentrations in the latter. After insulin infusion, plasma insulin concentration was similar in both groups in both hypoglycaemic hyperinsulinaemic clamp studies (control subjects: 119 12 vs 119 6 mU/ml; diabetic patients: 105 6 vs 105 7 mU/ml).
Plasma glucose profiles during the two stepwise hypoglycaemic clamp studies were superimposable ( Fig. 1) , with an identical rate of decline (control subjects: 0.01 0.0001 vs 0.01 0.0001; diabetic subjects: 0.01 0.0001 vs 0.01 0.0001 mmol/l/min), plasma glucose nadir (Controls: 2.8 0.04 vs 2.8 0.05; diabetic subjects: 2.8 0.03 vs 2.8 0.06 mmol/l). With saline infusion, blood lactate concentration increased to 0.9 0.1 mmol/l in normal control subjects and to 0.7 0.1 at 160 min (both p < 0.03) in diabetic patients. Lactate infusion increased blood lactate concentration (control subjects: 1.8 0.1; diabetic patients: 1.75 0.2 mmol/l at 160 min; both p < 0.001 vs baseline; Fig. 1 ) compared with the control hypoglycaemic visit. The starting time for infusions was 108 6 min and 107 8 min for lactate and saline solutions, respectively, in normal subjects whereas the infusions began later in diabetic patients (115 5 min and 116 4 min, respectively). Plasma counterregulatory hormones. Basal plasma concentrations of counterregulatory hormones were similar in both studies both in diabetic patients and normal control subjects. In the control study (saline infusion), counterregulatory hormones increased in response to hypoglycaemia with no significant difference between normal and diabetic subjects. The plasma glucose thresholds for epinephrine and norepinephrine responses were 3.2 0.1 and 3.1 0.1 mmol/l in normal volunteers, 3.5 0.1 and 3.2 0.1 mmol/l in the diabetic patients, respectively (p = 0.8). In the repeat study, the plasma glucose threshold was identified at the same level (control subjects: 3.2 0.1 and 3.1 0.2 mmol/l; diabetic patients: 3.5 0.1 and 3.2 0.1 mmol/l).
In the control study, the peak plasma catecholamine concentrations during hypoglycaemia were lower in diabetic patients than in control subjects (epinephrine 4.8 0.7 vs 3.2 0.3 nmol/l, p = 0.04; norepinephrine 4.1 0.5 vs 1.5 0.15, p = 0.02; Fig. 2) . In both groups, the infusion of Na-lactate after detection of hypoglycaemic symptoms was associated with lower peak plasma epinephrine concentrations (peak = 2.6 0.5 and 1.4 0.4 nmol/l; p = 0.001, in control subjects and diabetic patients, respectively, both p < 0.005±0.001 vs saline). Lactate infusion did not, however, affect the plasma norepinephrine concentrations (peak = 4.13 0.7 and 1.3 0.1 nmol/l, respectively). Similarly, the incremental area under the curve was much lower with lactate, than saline infusion, for plasma epinephrine (control subjects = 165 28 vs 314 55 nmol/l/180 min, p = 0.01; diabetic patients = 205 40 vs 102 14 nmol/l/ Plasma cortisol concentration increased in response to hypoglycaemia in both control subjects and diabetic patients. In both groups lactate infusion was associated with a blunted cortisol response compared with the saline study. (Fig. 3) In normal volunteers, lactate treatment did not affect the glucagon response to hypoglycaemia (glucose threshold = 3.1 0.1 vs 3.2 0.1 mmol/l, p = 0.45; AUC = 126.2 17.6 vs 147.1 12.7 nmol/ml/ 180 min). In diabetic patients, the glucagon response to hypoglycaemia could not be detected and there was no effect of lactate infusion (Fig. 4) . The growth hormone response was also not affected by lactate treatment after hypoglycaemic symptoms developed (Fig. 3) . Nevertheless, diabetic patients showed a prompter and more pronounced response than control subjects.
Symptomatic responses (Fig. 5) . Both control subjects and diabetic patients experienced hypoglycaemic symptoms at similar plasma glucose concentrations with no change due to Na-lactate infusion (control subjects = 3.0 0.1 vs 3.0 0.1 and 2.8 0.1 vs 2.9 0.1 mmol/l; diabetic patients = 3.2 0.1 vs 3.2 0.1 and 3.1 0.1 vs 3.2 0.1 mmol/l for autonomic and neuroglycopenic symptoms, respectively). During the control study, hypoglycaemia was associated with a progressive worsening of the symptomatic reaction and this process was reduced by Na-lactate infusion. At 160 min, in control subjects, the score was 2.6 0.1 compared with 8.8 0.1 and 0.4 0.4 compared with 4.8 0.1 for autonomic and neuroglycopenic symptoms, respectively (p = 0.01±0.02). In Type I diabetic patients the scores were 1.3 0.5 compared with 6.3 1.7 and 2.3 0.6 compared with 5.7 1.1 (p = 0.02±0.07) (Fig. 5) .
Cognitive function. Treatment with Na-lactate did not affect the glucose threshold for cognitive dysfunction in either control subjects (3.1 0.1 vs 3.0 0.1 mmol/ l) or Type I diabetic patients (3.3 0.2 vs 3.2 0.1 mmol/l for diabetic patients). In normal control subjects lactate infusion prevented, however, further deterioration in the progression of hypoglycaemia (Fig. 6) . Thus, at 160 min the change in fourchoice-reaction time was lower with lactate infusion (22 12 vs 77 31 ms; p = 0.02).
In Type I diabetic patients progression of hypoglycaemia did not worsen cognitive function to a greater extent. Nevertheless, lactate infusion was associated with improved cognitive function to the point that at 160 min a complete recovery in cognitive dysfunction was apparent (Fig. 6) .
Discussion
As previously shown, counterregulation can be altered, compared with normal people, in long-standing Type I diabetic patients. Nonetheless, in both normal and Type I diabetic people a rapid increase of A B blood lactate concentration after the development of hypoglycaemic symptoms is associated with a statistically significant reduction in plasma epinephrine response and prevention of cognitive function deterioration despite progressive reduction in plasma glucose concentrations. These effects of post-hypoglycaemic hyperlactacidaemia are consistent with the hypothesis that the brain rapidly shifts from glucose to lactate consumption when there is a glucose shortage and that this feature is preserved in Type I diabetic patients. This effect does not require adaptation in the brain sensor responsible for the initiation of protective responses to hypoglycaemia. The idea that alternative fuels might provide energy to the central nervous system stems from the observation that during a prolonged fast, the human brain switches from glucose to ketones as a main energetic substrate [16] . Later on, it was shown that ketone body infusion diminishes the threshold and the magnitude of counterregulatory hormonal response to acute hypoglycaemia [17] . The physiological role of ketone bodies under conditions of insulin-induced hypoglycaemia is however, open to question. In diabetic patients, hypoglycaemia is mainly associated with absolute hyperinsulinaemia which causes inhibition of ketogenesis and low blood ketone concentrations. In contrast, blood lactate concentration tends to be high in insulin-treated diabetic patients [18] , and becomes even higher under conditions of relative hyperinsulinaemia as it occurs, for instance, in the situation of increased physical activity [19] and inadequate insulin dose adjustment.
Lactate, therefore, is an ideal candidate for an alternative brain fuel under conditions of low ambient plasma glucose. This issue has been addressed previ- ously by us and others [5, 6] , the results of those studies supporting a role for lactate as an alternative fuel for the brain under the condition of insulin-induced hypoglycaemia. The present study provides evidence that the complex mechanism responsible for the hormonal responses which might prevent severe neuroglycopenia can be rapidly reversed, even after its activation, by a non-glucose fuel such as lactate. In the previous studies, indeed, lactate infusion preceded hypoglycaemia. In our previous study, for instance, lactate infusion was begun 60 min before induction of hypoglycaemia, whereas in the study by the other group [6] there was at least a 30-min gap between the beginning of the lactate treatment and the reduction of plasma glucose below 4.0 mmol/l. Under these conditions, an adaptation process cannot be ruled out to account for the increase observed in the glycaemic threshold, reduced magnitude of autonomic and neuroglycopenic symptoms, counterregulation hormone responses and cognitive dysfunction. To gain direct evidence for lactate as a true alternative fuel for brain energy metabolism, we have chosen to infuse lactate only after the hypoglycaemic symptoms had developed, that is after the counterregulatory response has been fully triggered in both normal subjects and Type I diabetic patients. Alkalosis in itself does not account for the Na-lactate effect on glucose counterregulation and cognitive dysfunction [5] . Thus, we conclude that lactate must be avidly taken up by the brain areas responsible for sensing the lack of availability of glucose as a fuel for energy metabolism and for the activation of counterregulatory hormone response. This conclusion is supported by several experimental data. In animals, lactate uptake by the brain increases during hypoglycaemia [20] . In hypoglycaemic dogs, lactate can contribute up to 25 % of the brain energy requirement [21] . Moreover, local ventromedial hypothalamic glucopenia triggers the counterregulatory responses to hypoglycaemia in rats [22] , whereas this response is blunted in animals with selective lesions of the same nuclei. Finally, selective lactate perfusion of this structure suppresses counterregulation in rats with systemic hypoglycaemia. The concomitant reduction of hormonal response and prevention of cognitive dysfunction with an increase of blood lactate concentration after development of hypoglycaemia observed in our study suggests that lactate is used as a metabolic fuel in the cerebral cortex as well as in the hypothalamus.
From a qualitative point of view, results of this study resemble those observed with lactate infusion preceding insulin-induced hypoglycaemia [5, 6] with the main effect exerted on plasma epinephrine concentrations. No effect was detected on plasma glucagon concentration and only a limited increase in the plasma norepinephrine concentrations occurred. We have no explanation for the lack of statistically significant response of glucagon, a finding which confirms both our previous studies [5, 7] . Glucagon secretion is, however, believed to be under peripheral rather than central control [23] . Alternatively, it might be speculated that the peripheral glucose sensors can metabolise lactate when there is a glucose shortage. Finally, glucagon secretion could be prevented by concomitant constant increase of the plasma insulin concentration as a consequence of the hyperinsulinaemic clamp. It is also notable that the same behaviour occurred in both normal subjects and Type I diabetic patients. Thus, the lack of glucagon response in diabetic people cannot be the simple consequence of diabetes duration [24] .
The limitation to our findings might be seen in an apparently trivial physiological impact of a condition characterised by increased plasma insulin, low plasma glucose and a concomitant increase in blood lactate concentrations. Nevertheless, physiological and pathological conditions exist where a role for lactate as an alternative fuel for the hypoglycaemic brain can be shown. Physiological conditions characterised by glucose shortage and lactate abundance, such as strenuous exercise, are not associated with symptomatic hypoglycaemia [25] . Under these conditions, when plasma glucose concentration drops to values as low as 2.5 mmol/l or lower and blood lactate concentrations increase threefold, no symptoms are generally detected. Children affected by von Gierke's disease have a striking tolerance to hypoglycaemia. In this condition the deficiency of glucose-6-phosphatase causes hypoglycaemia and concomitant acceleration of hepatic glycolysis with enhanced lactate production. Tolerance to hypoglycaemia in these children is directly related to prevalent blood lactate concentration [26] .
Another possible limitation of the study could be the blood lactate concentration attained as they might not be frequently encountered during the daily life of Type I diabetic patients. A more physiologic blood lactate concentration was, however, used than in previous studies. For instance in another study [6] plasma lactate concentration was as high as 5 mmol/l but in our study it reached a maximum concentration of 1.6 mmol/l in control subjects and 1.8 mmol/l in diabetic patients, values similar to those reported in diabetic patients after physical exercise [19] . More importantly, even if the blood lactate concentration attained in our study exceeded those found in normal daily life, our results are still of relevance for brain fuel metabolism and brain preservation in response to hypoglycaemia and support the hypothesis that lactate can be an important alternative fuel for the hypoglycaemic brain, or at least for some region of it. In our study, the four-reaction time test was used to assess cognitive function, which might explore specific cerebral pathways [27] . This possibility is supported by other results [28] showing that increasing plasma NEFA could reduce the catecholamine response and symptoms to hypoglycaemia without supporting cognitive function. The regional brain protection could also account for the main effect on adrenaline but not on the glucagon response observed in this and previous studies [5, 7] .
If lactate can be seen as a rescue fuel in subjects experiencing acute hypoglycaemia, it could be argued that long-term exposure to mildly increased blood lactate concentration, as can occur in insulin-treated diabetic patients, could increase the threshold for glucose counterregulation and, thus, contribute for the hypoglycaemic unawareness of long-standing Type I diabetes. This hypothesis does not seem to be supported by our own data. The present study shows that rapid increase in lactate concentrations reverses cognitive dysfunction due to hypoglycaemia protecting to a similar extent both in normal subjects and Type I diabetic patients. Hypoglycaemia unawareness is characterised by a general defect in counterregulatory hormone secretion [29] , whereas lactate provision mainly reduces the epinephrine response to hypoglycaemia. Moreover, although in normal subjects lactate prevented a further deterioration of cognitive function during sustained hypoglycaemia, cognitive function actually returned to normal in diabetic patients. The hypothesis that lactate can therefore cause a sort of ªmaladaptationº of the brain is not supported by our study. We studied Type I diabetic patients with moderate glycaemic control because of a relatively better preservation of counterregulatory responses and normal glucose thresholds for hypoglycaemic symptoms, therefore providing better chances to explore the effect of alternate substrate fuel on the hypoglycaemic brain. Whether there is a similar effect in patients with strict glycaemic control is not known.
The effect of the increase of blood lactate concentration on the epinephrine response, together with the major improvement in cognitive function suggest that when there is a glucose shortage, neuronal cells can rapidly switch to a different substrate. Nevertheless, it seems difficult at present to suggest an increase in blood lactate concentrations as a therapeutic approach to hypoglycaemia in Type I diabetic patients. It is not known, for instance, whether these results apply to Type I diabetic patients with asymptomatic hypoglycaemia or different degrees of glycaemic control.
An increase in blood lactate that follows the development of hypoglycaemia is capable of reducing the epinephrine response, as well as autonomic and neuroglycopenic symptom responses, to hypoglycaemia induced by insulin in both normal and Type I diabetic subjects. In both groups, lactate provision improves the cognitive function during hypoglycaemia. These effects occur rapidly; as such this does not represent an adaptation process. Therefore, increase in blood lactate that ensues after hypoglycaemia could be part of the redundant defensive mechanisms against insulin-induced hypoglycaemia, both in normal subjects and Type I diabetic patients.
